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ABSTRACT 
 
In this thesis, monomer casting (MC) nylon was synthesized. MC nylon could replace 
nonferrous metals in certain applications, including gears, wheels, and other moving parts. 
However, compared with metals, MC nylon products have poor strength and stiffness, and crack 
easily, especially at low temperatures. In addition, the dimensional stability of MC nylon is poor, 
especially in the large casting nylon products, causing significant internal stresses due to shrinkage. 
Thus, MC nylon cracks easily when cast and molded. The yttrium hydroxide particles were 
modified by stearic acid and dispersed in the caprolactam. The polymerization time was short due 
to fast anionic polymerization. Copolymerization with different ratios of yttrium hydroxide 
particles can be used to prepare the copolymer. The effects of different amounts of yttrium 
hydroxide on the performance of the monomer casting nylon were studied. The products were 
characterized using X-ray diffraction, impact, and tensile testing. When the percentage of modified 
yttrium hydroxide is 0.3 wt %, the composite exhibits the maximum impact strength, thus the 0.3 
wt % of modified yttrium hydroxide is the suitable percentage to enhance the impact strength of 
MC nylon. 
Transparency and color of polyethylene film layered packages change with the number of 
layers. When polyethylene layer thickness is between 50 µm and 200 µm, each additional 
subsequent layer in the package leads to an abrupt change of color and transparency. Polarized 
light optical effects can be used to manufacture packaging films and labels with forgery protection. 
A significant influence of the scaling factor on the latent effect and optical properties of the film 
 vii 
 
package is demonstrated for 1 to 6 layers with the total thickness of 200±50 µm. Prior thermal 
treatment of individual layers before they are assembled into a package or assembled package heat 
treatment change the laminate color. This allows hidden marking and recording text or graphics 
on the multi-layer films, not visible under normal lighting conditions, but appearing when viewed 
in polarized light, or through the polarizer. 
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CHAPTER 1: INTRODUCTION TO THE PROPERTIES OF MC NYLON  
AND YTTRIUM HYDROXIDE 1 
 
1.1 Introduction of MC Nylon 
Monomer casting (MC) nylon with molten raw caprolactam (C6H11NO) is catalyzed by an 
alkaline substance at atmospheric pressure with added activating agent. It is widely used for the 
production of gears, bearings and sliding blocks. It is especially suitable for making large products, 
which cannot be produced by injection molding or compression molding. [1] MC nylon is 
produced by anionic polymerization techniques to develop various plastics. [2] Base-catalyzed 
polymerizations are used with the caprolactam polymerization directly in the mold so that the 
polymerization reaction and mold processing are completed at the same time. 
1.1.1 The Properties of MC Nylon 
This research investigates a novel nanocomposite with nylon using the nanoparticles of 
yttrium oxide to determine if improvement in mechanical properties can be achieved, and if there 
are limitations to the amount or distribution of these particles. The hypotheses are that these rodlike 
nanoparticles may enhance toughening while reducing the problems nylon has with water 
absorption.  
MC nylon has lower polymerization temperature, higher crystallinity, molecular weight 
and mechanical strength than ordinary nylon. It is abrasion-resistant, self-lubricating, and has a 
wide application temperature range, along with other characteristics, allowing it to be used instead 
                                                          
1 This chapter was published in Journal of Applied Polymer Science. Jia Chen, Alex A. Volinsky and Wei He, Journal 
of Applied Polymer Science, Volume 133, Issue 17, May 5, 2016 
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of copper, aluminum and other nonferrous metals in certain applications. [3-5] MC nylon is widely 
used in machinery, petro chemistry and construction. [6] 
However, ordinary nylon has high elastic modulus, poor low temperature toughness, low 
dimensional stability, relatively high water absorption, and other shortcomings. [7] When the parts 
are used under high load conditions, the material has poor wear resistance and self-lubrication, 
thus the wear rate is high. [8] The uses of nylon products are often limited, demanding high impact 
resistance, antistatic, flame-retardant, and other requirements. 
1.1.2 The Reaction Mechanism of MC Nylon 
MC nylon belongs to anionic catalytic polymerization during the synthesis reaction. 
Reaction process is as follows: 
 
Figure 1. The reaction of MC nylon. [9] 
a) Lactam anion is formed: under the metal sodium, sodium hydroxide such alkaline catalyst, 
caprolactam monomer generates sodium caprolactam. In the reaction system of alkaline lactam 
anions were dissociated; 
b) Chain growth process: lactam further nucleophilic addition reaction with the monomer and 
anionic ring opening, forming active amine anion dimers, active dimers and monomers quickly 
proton exchange, result and generate acyl polymers, and at the same time lactam anion 
regeneration occurs. 
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c) Balance reaction and crystallization process: the anionic polymerization is below the melting 
point of polymer, the weight of molecular grows rapidly at the same time with the crystallization 
and solidification of polymer on the later polymerization reaction. 
1.1.3 Processing Technology of MC Nylon 
a) Synthesis process of MC nylon with sodium caprolactam catalyst:           
        Caprolactam   Heating and melting   Vacuum dewatering Storing 
                                      
                                                    Add sodium caprolactam           Mix part of them          Add TDI 
                                                                                                                           
                                             Product         Demold         Cooling down       Casting 
Figure 2. Synthesis process of MC nylon with sodium caprolactam catalyst. 
b) Synthesis process of MC nylon with sodium hydroxide catalyst: 
          Caprolactam   Heating and melting   Vacuum dewatering Add sodium hydroxide 
                                      
                                             Cooling down         Casting        Add TDI      Vacuum dewatering  
                                                                                                                           
                                                  Demold  Product 
Figure 3. Synthesis process of MC nylon with sodium hydroxide catalyst. 
1.1.4 The Applications of MC Nylon 
The molded MC nylon is not limited by the shape of the product, and it will have enhanced 
corrosion resistance of plastics, adequate elastic modulus, low density and other characteristics, 
especially when widely used in the industrial, defense, chemicals, food and engineering 
applications. Here are a few examples. 
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a) In the steel industry and metal processing, being a variety of roll; 
b) In wood processing and papermaking, it can be used as a sliding plate and a type of gear; 
c) Utilizing the wear resistance of MC nylon parts in the cyclone dust collection device. Metal 
parts can be replaced by MC nylon in dust collection devices; 
d) MC nylon can be used as elevator buckets. Compared with the iron buckets, it has some good 
corrosion resistance and abrasion resistance, low noise and density; 
e) In food packaging, since MC nylon is non-toxic, it can be used in many ways, such as timing 
screw in closed bottle pipeline, star wheel, gears and belts and so on. [9] 
1.2 The Properties of Yttrium Hydroxide 
Nanoparticles have been successfully used to reinforce polymer nanocomposites. [10-12] 
Yttrium hydroxide is in the form of rodlike particles, a couple of microns long and about 400 nm 
in diameter. The yttrium hydroxide is stable and has alkali properties, and is suitable to modify 
polymers. Compared with SiO2 and TiO2, the overall Y(OH)3 dissolution reaction is exothermic. 
Polymer composites with SiO2 and TiO2 are more likely to absorb water, opposite to composites 
with yttrium hydroxide. Therefore, yttrium hydroxide is better suited for certain polymer 
composite applications where low water absorption is critical. At the same time yttrium hydroxide 
can enhance the polymer toughness, as demonstrated by several literature reports. Yttrium 
hydroxide nanoparticles can also be utilized for the MC nylon reinforcement. In this study, yttrium 
hydroxide was modified by the stearic acid and added to the MC nylon for reinforcement purposes.  
Table 1. Comparison between SiO2, TiO2 and Y(OH)3. 
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CHAPTER 2: SYNTHESIS OF MODIFIED YTTRIUM HYDROXIDE/MC NYLON 
   NANOCOMPOSITES AND MECHANICAL CHARACTERIZATION2 
 
2.1 Materials and Methods 
Yttrium oxide (Y2O3) was obtained from the Guoyao Chemical Reagent Co., Ltd., China. 
The chemicals, including NaOH, HNO3, and ethyl alcohol, were all analytical pure grade. 
Caprolactam was obtained from Unitsika, Japan. Toluene-2,4-diisocyanate was purchased from 
the Hongxiang Plastic Co., Ltd., China. Toluene and stearic acid were all chemical pure grade. All 
reagents were used as received. 
2.2 Modified Yttrium Hydroxide Synthesis 
In a typical synthesis, 5.6 g of Y2O3 were dissolved in 5 mL of concentrated HNO3 (16 
mol/L) to form 0.25 mol/L Y(NO3)3 solution. After that, 2 mL of the Y(NO3)3 solution (0.25 mol/L) 
were poured into the stainless steel beaker and 4 mL of ethyl alcohol and 4 mol/L NaOH were 
added to the solution to bring the final pH value from 11 to 12. The obtained solution was poured 
into the 20 mL stainless steel beaker with a screw-on cap, which was filled by 60% to 70% of its 
volume. The beaker was placed into a vacuum oven at 140 ºC for 24 h in order to complete the 
reaction. [20] Finally, the beaker was taken out of the furnace and cooled to room temperature. 
After opening the beaker, the product was filtered and washed with de-ionized water and ethyl 
alcohol. The product was washed further to remove the acid and dried at 100 ºC in a vacuum oven 
for 8 h. Figure 4 and 5 show scanning electron microscopy (SEM) images of the unmodified 
                                                          
2 This chapter was published in Journal of Applied Polymer Science. Jia Chen, Alex A. Volinsky and Wei He, Journal 
of Applied Polymer Science, Volume 133, Issue 17, May 5, 2016 
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yttrium hydroxide in different magnification levels. Yttrium hydroxide has a rod-like structure. 
Yttrium hydroxide nano rods have similar uniform shape and size with the average diameter of 
about 400 nm and several microns in length. The structure of yttrium hydroxide is stable. A certain 
amount of stearic acid was dissolved in 100 mL of ethyl alcohol at 50 ºC, and then dried yttrium 
hydroxide was added into the solution. After stirring for 30 min, the mixture was heated at 75 ºC 
for 10 h. The mixture was washed five times using Soxhlet extractor for 48 h. The powder was 
dried at 50 ºC in a vacuum oven for 24 h. Thus, the stearic acid-modified yttrium hydroxide was 
obtained.  
 
Figure 4. Scanning electron microscopy images of the unmodified yttrium hydroxide: lower 
magnification. 
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Figure 5. Scanning electron microscopy images of the unmodified yttrium hydroxide: higher 
magnification. 
Stearic acid reacts with MC nylon, as seen in Figure 6. Stearic acid can reduce the 
interfacial tension and improve the dispersion of yttrium hydroxide particles in the composite, 
enhancing its mechanical properties. There are 2851.92 cm-1 and 2920.89 cm-1 C-H bond 
absorption peaks of stearic acid and a free carboxyl carbonyl stretching vibration at 1703.59 cm-1 
in Figure 6. Compared with the yttrium hydroxide (curve a), the characteristic absorption peaks of 
stearic acid (curve b) appear at 2850.36 cm-1 and 2918.24 cm-1. Compared with the stearic acid 
(curve b), a free carboxyl carbonyl stretching vibration peak disappeared at 1703.59 cm-1 in the 
modified yttrium hydroxide (curve c), and the new absorption peaks appeared at 1467.37 cm-1 and 
1546.52 cm-1, corresponding to the C=O symmetric vibration and asymmetric vibration of ester 
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a 
b 
c 
bonds. Thus, stearic acid forms chemical bonds with hydroxyl groups of yttrium hydroxide 
particles, and the esterification reaction occurs on the yttrium hydroxide surface. 
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Figure 6. Fourier transform-infrared spectroscopy (FT-IR) data for: (a) yttrium hydroxide; (b) 
stearic acid; (c) yttrium hydroxide modified by stearic acid. 
2.3 MC Nylon Nanocomposites Synthesis 
First, 140 g of the caprolactam monomer were added into a flask and heated to 130 ºC to 
melt it. After reducing the pressure and distillation, the caprolactam monomer was completely 
melted. Modified yttrium hydroxide with weight fractions of 0 wt %, 0.2 wt %, 0.3 wt %, 0.4 wt %, 
0.6 wt %, and 0.8 wt % was added after removing water with a pump. Then, the mixtures were 
dispersed by stirring for 30 min at 140 ºC. Sodium hydroxide (0.2 g) was added into the mixture 
after refluxing for about 1 h. The solution has been refluxed for another 30 min while pumping 
water out. Toluene-2,4-diisocyanate was added as an activator after the solution was poured into 
the beaker with stirring. Finally, the mixtures were cast into a mold, which was preheated to 180 
a 
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ºC. The mold was cooled down to room temperature for 1 day after the polymerization was 
completed in 1 h. The samples of MC nylon were molded and MC nylon/modified yttrium 
hydroxide nanocomposites were obtained. Cross-sectional SEM images of the stearic acid 
modified yttrium hydroxide in the MC nylon matrix are shown in Figure 7 and Figure 8. The 
nanoparticles are evenly dispersed in the nanocomposite. Due to the small particle size of 
nanoparticles and large surface energy, there is a thermodynamically unstable state. However, it is 
not easily dispersed in the nanocomposite matrix, resulting in the loss of characteristics of 
nanoparticles. This is especially true with a large amount of filler, where agglomeration of the 
nanoparticles is more severe, and well dispersed nanoparticles are hardly present in the 
nanocomposite matrix. Inorganic nanoparticles in the nanocomposite have strong cohesion. Strong 
polar inorganic bonds, small size and surface effects caused nanoparticles non-covalent forces 
between molecules, as well as polymer and inorganic molecular forces. Therefore, to overcome 
the self-condensation of the inorganic nanoparticles, stearic acid was used to change the surface 
properties of the particles in order to make inorganic nanoparticles disperse uniformly in the 
nanocomposite. 
 
Figure 7. Cross-sectional scanning electron microscopy images of the stearic acid-modified 
yttrium hydroxide in the MC nylon matrix: lower magnification. 
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Figure 8. Cross-sectional scanning electron microscopy images of the stearic acid-modified 
yttrium hydroxide in the MC nylon matrix: higher magnification. 
2.4 XRD Characterization of Modified Yttrium Hydroxide 
The characterization of modified yttrium hydroxide was performed by X-ray diffraction 
(XRD) analysis using Rigaku D/max-2500/PC diffractometer with Cu Kα radiation (40 kV, 200 
mA). The 2θ range was 10º to 80º with 0.1º/s scan rate at room temperature. 
2.5 MC Nylon Impact and Tensile Strength Testing 
            Smooth, pure and unbroken samples were tested at room temperature, following the GB/T 
1843-2008 standard. [21] The machine used was GT-7045-MD Izod Charpy Digital Impact Tester 
(Gotech Testing Machines, Inc., Taiwan) with 5 J energy pendulum bob. Smooth, pure, and 
unbroken samples were tested at room temperature in tension, according to the GB/T 16420-1996 
standard. [22] The tensile test rate was 10 mm/min using the RGL-30A electronic universal testing 
machine (Shenzhen Rui Geer Instrument Co., China).  
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CHAPTER 3: RESULTS AND DISCUSSION IN MODIFIED YTTRIUM  
HYDROXIDE/MC NYLON NANOCOMPOSITES3 
 
3.1 Modified Yttrium Hydroxide Characterization 
The crystal structure of the modified yttrium hydroxide was characterized by XRD. From 
the XRD pattern, the sharp reflections at 16.347º, 28.548º, 30.099º, 41.882º, and 51.398º 
correspond to (100), (110), (101), (201), and (002) planes of the hexagonal Y2(OH)3 phase (Figure 
9). The lattice parameters, a = 0.6258 nm, b = 0.6258 nm and c = 0.3534 nm, are similar with the 
literature values of a = 0.6268 nm, b = 0.6268 nm and c = 0.3547 nm (JCPDS 24-1422). The final 
product was of high purity and the XRD patterns demonstrated that the modified yttrium hydroxide 
can be obtained using the presented synthesis method. 
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Figure 9. XRD pattern of the stearic acid-modified yttrium hydroxide. 
                                                          
3 This chapter was published in Journal of Applied Polymer Science. Jia Chen, Alex A. Volinsky and Wei He, Journal 
of Applied Polymer Science, Volume 133, Issue 17, May 5, 2016 
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3.2 The TG-DTA of Modified Yttrium Hydroxide 
From the Thermal Gravimetric (TG) curve (shown in Figure 10), crystal line water in 
yttrium hydroxide volatilized at 258.5 ºC with decomposition of stearic acid. There was a further 
decomposition of yttrium hydroxide at 362.8 ºC, eventually becoming yttria. Since the 
polymerization temperature of MC nylon is 180 ºC, this temperature was far below 258.5 ºC and 
362.8 ºC. It indicated that yttrium hydroxide modified by stearic acid was not decomposed during 
the polymerization of caprolactam. 
 
Figure 10. The TG-DTA data of modified yttrium hydroxide. 
3.3 MC Nylon Nanocomposites Impact Strength 
The MC nylon nanocomposites impact strength varied significantly with the yttrium 
hydroxide weight percentage. In the 0 wt % to 0.3 wt % yttrium hydroxide range, the impact 
strength of the nanocomposites increased rapidly, reaching the maximum value of 5.6 KJ/m2 at 0.3 
wt % of yttrium hydroxide (Figure 11). From 0.3 wt % to 0.8 wt % of yttrium hydroxide, the MC 
nylon nanocomposite impact strength decreased. The force between the MC nylon 
 13 
 
macromolecules is affected by the increasing percentage of yttrium hydroxide. In the 0.6 wt % to 
0.8 wt % yttrium hydroxide weight percentage range, the nanocomposite impact strength tends to 
be stable. Based on the collected data, yttrium hydroxide significantly improves the impact 
strength of MC nylon. These results indicate that using yttrium hydroxide toughens the MC nylon. 
However, the weight percentage of yttrium hydroxide toughening effect is reduced when the 
amount of yttrium hydroxide reaches a certain level, and finally stabilizes. Thus, the optimal value 
for the yttrium hydroxide weight percentage is about 0.3 wt %, based on the measured 
nanocomposite impact strength (Figure 11).  
Table 2. Impact strength of modified Y(OH)3/MC nylon nanocomposites. 
 Percentages of Y(OH)3, %  Impact strength, kJ/m2 
0 
0.2 
0.3 
0.4 
0.6 
0.8 
4 
5 
5.6 
4.9 
4.28 
4.3 
3.5
4.5
5.5
6.5
0 0.4 0.8
Im
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tr
e
n
g
th
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J
/m
2
)
SA-g-Y(OH)
3
 (wt%)
 
Figure 11. Impact strength of the MC nylon nanocomposites. 
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3.4 Tensile Strength of MC Nylon Nanocomposites 
With the increase of weight percentage of yttrium hydroxide, MC nylon nanocomposite 
tensile strength decreased in Figure 12. When the weight percentage of yttrium hydroxide was 
between 0 wt % and 0.4 wt %, the tensile strength decreased, eventually reaching a minimum 
plateau in Figure 12. When the weight percentage of yttrium hydroxide was between 0.4 wt % and 
0.8 wt %, the nanocomposite tensile strength decreased slightly. There is a tradeoff between 
strength and ductility, as typically more brittle materials are harder and less ductile. The impact 
strength is related to the lateral loading, and adding modified yttrium hydroxide can increase 
molecular weight. On the lateral level, it enhances binding force and forces between the molecules. 
The tensile strength is related to the axial force. Modified yttrium hydroxide improves the 
performance on the lateral level, and may influence mechanical performance in other directions. 
Therefore, more modified yttrium hydroxide makes samples weaker when loaded axially. There 
were a lot of yttrium hydroxide particles joining with the MC nylon, weakening the bonding forces 
and resulting in the decreased tensile strength of the MC nylon/yttrium hydroxide nanocomposites. 
However, compared with other tensile strength tests, [8] the tensile strength of modified 
Y(OH)3/MC nylon composites is higher than of the graphene oxide/MC nylon composites below 
0.05 wt %.  
Table 3. Tensile strength of modified Y(OH)3/MC nylon nanocomposites. 
 Percentages of Y(OH)3, % Tensile strength, MPa 
0 
0.2 
0.3 
0.4 
0.6 
0.8 
85 
80.8 
80 
75 
73.4 
73.3 
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Figure 12. Tensile strength of the MC nylon nanocomposites. 
3.5 Fracture Elongation in MC Nylon Nanocomposites 
With the increase of the mass percentage of yttrium hydroxide, the elongation at break of 
MC nylon decreases (shown in Figure 13). From 0% to 0.4%, elongation at break decreased rapidly, 
which is due to the good self-lubricating properties of modified MC nylon. There is a certain gap 
between macromolecular chains, such macromolecular chains can be better movement. However, 
after adding yttrium hydroxide, the gap is filled with yttrium hydroxide, hampered movement of 
macromolecular chains, such self-lubricity decreases modified MC nylon, elongation at break can 
be decreased; between 0.4%-0.8%, the elongation at break has stabilized, because MC nylon gap 
between macromolecular chains is substantially filled, addition amount of yttrium hydroxide did  
a little effect on MC nylon. 
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Table 4. Fracture elongation in MC nylon nanocomposites. 
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Figure 13. Fracture elongation in MC nylon nanocomposites. 
3.6 MC Nylon Nanocomposites Water Absorption 
With the increased weight percentage of yttrium hydroxide, water absorption of 
nanocomposites showed an overall decreasing trend in Figure 14. In the beginning of the 
increasing percentages of the yttrium hydroxide, water absorption percentage dropped. The 
nanocomposite water absorption is minimal at 0.8 wt % of yttrium hydroxide (Figure 14). When 
yttrium hydroxide weight percentage continued to increase, water absorption reached saturation. 
       Percentages of Y(OH)3, %                    Fracture elongation, % 
0 
0.2 
0.3 
0.4 
0.6 
0.8 
6.7 
3.6 
2.0 
1.71 
1.17 
0.93 
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This is because added yttrium hydroxide changed the number and the size of the voids, along with 
the mutual arrangement of the particles. Yttrium hydroxide affected the polarity of the main 
polymer chains, resulting in reduced water absorption at room temperature. Compared with other 
water absorption tests, [23] the percentage of water absorption in modified Y(OH)3/MC nylon 
nanocomposites can be reduced to nearly 1%, while the highest moisture content in carbon-
fiber/MC nylon composites can reach over 4 %. These results indicated that modified yttrium 
hydroxide can also significantly reduce the water absorption of MC nylon.  
Table 5. MC nylon nanocomposites water absorption. 
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Figure 14. Water absorption of the MC nylon nanocomposites. 
Percentages of Y(OH)3, % Water absorption, % 
0 
0.2 
0.3 
0.4 
0.6 
0.8 
4.85 
3.85 
3.19 
2.54 
1.38 
1.12 
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3.7 Vicat Softening Temperature 
With the increase of mass percentage of yttrium hydroxide, Vicat softening temperature 
shows an overall stable trend (shown in Figure 15). When the mass percentage of yttrium 
hydroxide from 0 to 0.3%, there is a small increase for Vicat softening temperature, due to less 
inorganic uniformly dispersed in the MC nylon. Thus, the thermal stability of MC nylon has 
increased; mass percentage ranged of yttrium hydroxide from 0.3 to 0.8%, the steady decline in 
the trend regression graph, may be due to the increase of inorganic, there is reunited phenomenon 
MC nylon, the non-uniform dispersion led by inorganic. These results show that the addition 
percentage 0% to 0.8% of yttrium hydroxide cannot significantly improve the heat resistance of 
MC nylon.  
Table 6. Vicat softening temperature. 
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Figure 15. Vicat softening temperature. 
Percentages of Y(OH)3, % Vicat softening temperature, ℃ 
0 
0.2 
0.3 
0.4 
0.6 
0.8 
212.2 
212.6 
216.1 
212.6 
212.2 
211.8 
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CHAPTER 4: SUMMARY AND FUTURE WORK FOR MODIFIED YTTRIUM 
HYDROXIDE/MC NYLON NANOCOMPOSITES4 
 
4.1 Summary 
The effects of modified yttrium hydroxide on toughening of MC nylon were studied. 
Different percentage ratios of added yttrium hydroxide affects the modified MC nylon toughening. 
According to a variety of performance tests, the following conclusions can be drawn: 
a) X-ray diffraction results demonstrated that the lattice parameters of the yttrium hydroxide did        
not change significantly with the stearic acid modification. 
b) Yttrium hydroxide had a positive effect on the MC nylon toughening. The toughening effect         
initially increased with the yttrium hydroxide weight percentage, up to 0.3 wt %. Above the 0.3         
wt % of yttrium hydroxide, the toughening effect was reduced, and finally leveled off at 0.8 wt %. 
The optimal weight percentage of yttrium hydroxide is about 0.3 wt %, based on toughening. 
c) The tensile strength decreased from 85 MPa to 73.3 MPa with the increasing weight percentage 
of yttrium hydroxide. It leads to the MC nylon/modified yttrium hydroxide nanocomposites       
weakening because of the excess amount of yttrium hydroxide particles, resulting in the        
decreased tensile strength of the MC nylon/yttrium hydroxide nanocomposite. 
d) Adding modified yttrium hydroxide into MC nylon reduced its water absorption. The water    
absorption of 1% was minimal at 0.8 wt % yttrium hydroxide weight percentage. 
                                                          
4 This chapter was published in Journal of Applied Polymer Science. Jia Chen, Alex A. Volinsky and Wei He, Journal 
of Applied Polymer Science, Volume 133, Issue 17, May 5, 2016 
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e) Vicat softening temperature shows an overall stable trend. The results show that the addition 
percentage 0% to 0.8% of yttrium hydroxide cannot significantly improve the heat resistance of 
MC nylon. 
4.2 Future Work 
In the future, different proportion of yttrium hydroxide can be added into MC nylon to test 
again. And using different procedure to produce MC nylon nanocomposites. We can use the first 
process (Figure 2) to produce MC nylon. Different procedure will have different results. 
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CHAPTER 5: INTRODUCTION TO MULTILAYER POLYETHYLENE FILMS 
 
5.1 Introduction of Polyethylene Films 
Multilayer polymeric materials are used for packing banknotes and anti-forging protection 
elements of securities, credit cards, documents, checks, check cards, passports, tickets, certificates 
and passes, etc. [13] These complex security elements allow verifying product authenticity using 
visual and/or automated methods. Quite often several security elements are combined, where some 
of them can be detected only by using special techniques and equipment (light filters, polarizers, 
UV or IR illumination, etc.), while others can be simply touched or seen by a naked eye. Various 
security printing materials have been patented with diffractive layered structure exhibiting color 
shift, or the latent effect, where color changes with the observation angle. [14-15] Multilayer 
structures with bright colors are typically produced by metal physical vapor deposition. 
A more complex technique allows obtaining multilayer films with security markings, 
where micro-relief structures are formed in the inner layers of the security elements. Thin layers 
of transparent polymer are deposited over the micro-relief between the films to create interference 
and angle-dependent color shift (latent effect). [16] The authors noted a significant role of the 
aspect ratio between the size of the micro-relief elements and the thickness of the polymer layers 
to obtain multicolor optical effects. 
Scaling effects in terms of the thickness and the number of polymer film layers on optical 
properties of multilayer materials have been systematically studied. [17-18] It has been 
demonstrated that the absorbance and reflectance of fluorescent light from the transparent laminate 
vary monotonically with the thickness and the number of layers. This variation was estimated 
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using layered film copolymers (5 or 15 layers) of propylene and ethylene, 25-60 µm thick. 
Laminate processing in terms of co-extrusion or subsequent thermo-compression of layered films 
had little effect on the overall package optical characteristics. The authors found that these relations 
changed qualitatively when evaluating optical properties of laminates in polarized light. Polarized 
light optical effects have been proposed for manufacturing packaging films and labels protected 
against forgery. [19] The aim of this paper was to determine the scaling factor effects on 
transparency, reflectivity and color of the laminates in polarized light. 
5.2 The Properties of Polyethylene Films 
Polyethylene films (PE) has small moisture permeability with moisture resistance. 
According to different manufacturing methods and means of control, people can produce PE with 
different performance, such as a low density PE, medium density PE, high-density PE and cross-
linked PE and so forth. 
Polyethylene is crystalline thermoplastic resin. Their chemical structure, molecular weight, 
degree of polymerization, and other properties are dependent to a large extent used in the 
polymerization process. The polymerization process determines the type and degree of branching 
branched. Depending on the degree of crystallinity degree of member structured thermal history 
experienced by their molecular chains. At medium pressure (15-30 atm) conditions of organic 
catalysis polymerization of Ziegler-Natta high density polyethylene (HDPE). Under these 
conditions the polyethylene polymerized molecule is linear, and the molecular chain is very long, 
the molecular weight of up to hundreds of thousands. If you are under high pressure (100-300MPa), 
high temperature (190 ºC-210 ºC), peroxide catalyzed free radical polymerization conditions, to 
produce the low-density polyethylene (LDPE), which is a branched structure compound. Therefore, 
PE films can be produced from many ways. 
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5.3 The Production Process of Polyethylene Films 
PE film blowing machine is then heated to melt the plastic particles blown film machinery 
and equipment. First, the dried polyethylene particles are added under the hopper, by weight of the 
particles themselves from the hopper into the screw, when the screw slant ribs in contact with the 
pellets, rotating oblique edge face of the plastic thrust generating oblique ridge perpendicular to 
the plane of the plastic particles goes forward, the process goes on, since the collision friction and 
friction particles and plastic screw and barrel plastic between, but also due to the external heating 
barrel gradually melt. The molten plastic through the nose to filter impurities from the die out by 
inflation, after cooling the air ring herringbone pressure plate, by the traction roller coiling the 
finished film roll into a cylinder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. PE film blowing machine. 
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CHAPTER 6: MATERIALS AND METHODS OF POLYETHYLENE FILMS 
 
6.1 Materials and Methods 
Industrial high-pressure polyethylene (PE) films with 22±2 µm, 55±3 µm and 100±4 µm 
thickness was obtained by extrusion of the 15803-020 PE with 2×105 molecular weight, 0.92 g/cm3 
density, 2-2.2/10 min melt flow index and 33% crystallinity. Polymeric polaroid films (Nitto 
Polarizing Film, G1220DUN, Nitto Denko Corporation, Osaka Japan) with high polarizing 
efficiency of 99.97% and integral light transmittance through the two films in parallel of 0.9 were 
studied in this paper. 
Some of the unconstrained extruded industrial high-pressure polyethylene films were 
subjected to heat treatment at 90±2 ºC for 10 min in order to reduce internal stresses. No significant 
changes in the samples’ planar dimensions and the film thickness were found. Isothermally treated 
samples were tested under the same conditions as the samples made from industrial high-pressure 
PE films for their optical properties comparison. The goal was to identify possible dependencies 
between the internal stress and the interference color effects in films in polarized light when 
packaged into multi-layers. 
Preparation of identical layered film samples with polarizers as outer layers was performed 
as described in reference. [19] Spectrophotometric measurements were carried out using a 
spectrophotometer X-Rite Spectro Eye and Gretag Macbeth Key Wizard software, version 2.5. 
The package consisting of several (1 to 10) polyethylene films was placed between the polarizer 
films stacked on the white filter paper and placed under a fluorescent light source 
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spectrophotometer X-Rite SpectroEye (type D65). [19] Spectrophotometer indicates lightness and 
color coordinates in the CIELAB space of the laminate film package in a light beam reflected from 
white filter paper and passed through two polarizers. Macro photography was employed for visual 
inspection of the samples using day and polarized light to record transmitted color with Adobe 
Photoshop version 6. 
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CHAPTER 7: RESULTS AND DISCUSSION OF MULTILAYER  
POLYETHYLENE FILMS 
 
7.1 Scaling Effects on Color and Transparency of Multilayer PE Films in Polarized Light 
Transparency of the tested polyethylene films package and reflectance of the day 
unpolarized light decreased monotonically with the total thickness of the layers. This dependency 
obeys the Beer-Bouguer-Lambert law and was confirmed by the experimental data obtained from 
films made of thermoplastic polyolefin polymers: polypropylene and its copolymers [17], low 
density polyethylene [24] and super high molecular weight polyethylene. [25] The influence of the 
film surface nanosized crystal structure and bulk structure on its transparency is clear and depends 
on the cooling rate of the polymer melt during molding. [24] 
            A different picture is observed when studying transparency of a single layer or laminated 
package of polyethylene films in polarized light. High enough transparency is combined with 
intense color of a single layer low density polyethylene film with special nano-sized crystalline 
structure. [19] This layer is able to change color of passing polarized light, similar to selective light 
scattering surface of insect wings. [26] The color and transparency of the polymer multilayer stack 
film observed at a certain angle primarily depend on the relative position of the polarizer and 
analyzer outer layers. [19] 
Figure 17 shows the color and lightness of the PE package films with different number of 
layers placed between polarizer and analyzer in two extreme positions: parallel and perpendicular 
to provide maximum transmission, or almost complete absorption of light. The color and 
transparency (lightness) of the polyethylene film packets in polarized light changed 
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discontinuously and periodically over a wide range of intensity and color. The color difference of 
packages consisting of one or two polyethylene film layers arranged between the polymer 
polarizers reaches 30 units and causes the latent effect when color depends on the viewing angle. 
The color difference between packet films with more than four layers is significantly reduced, and 
their lightness decreases in amplitude with periodic changes in opposite positions of the outer 
polarizing layers. Adding each of the following layers past fourth changes the reflectivity 
characteristics of the package by less than 2%, which is comparable to the measurement error. The 
color change is also small and as shown in reference, [19] is described by a periodic function in 
the form of the Archimedean spiral in the CIELAB color space coordinates (Figure 18). The zero 
point coordinates at the beginning of the Archimedes spiral obtained from the heat treated films 
are slightly different from the industrial PE samples, but the spiral shape and the number of turns 
in it are not changed significantly. 
For the quantitative study of the scaling factor of color and transparency of layered 
packages, industrial low density polyethylene films with significantly different physical 
characteristics were used. To eliminate possible effects of local internal stress inhomogeneity 
arising from directional drawing and cooling, some unconstrained industrial PE films were heat 
treated at 90±2 ºC. This brief heat treatment did not change the films’ crystallinity. 
Common feature of all high-pressure polyethylene tested samples was their significant age, 
as they were stored for more than 3 years prior to testing. Thus, aging fiber-like structure formed 
on the surface with nanoscale topography, similar to the relief identified in reference. [25] 
Three types of packets with approximately equal total thickness of about 200 µm were 
assembled for colorimetric measurements and observations of the latent color shift effect: 8 × 22, 
4 × 55 and 2 × 100 with the opposite location of polarizers, shown schematically in Figure 19. The 
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transparency and color of layered packages change periodically with the number of layers, as 
shown in Figure 17. Relative color frequency and transparency of the multilayer material collected 
from several identical films of varying thickness are significantly different. When the polyethylene 
layer thickness is over 50 µm, but less than 200 µm, addition of each subsequent layer to the film 
package leads to an abrupt change of color and transparency. In a way this layer either “opens” or 
“closes” polarized light path through the material. Increasing the number of layers in a package 
discretely changes the difference between the total path of the light rays, contributing to an abrupt 
color change with a relatively small number of layers. In general, the studied structure is an 
interference-polarizing filter. Experimentally observed effects indicate the significant influence of 
the scaling factor in controlling optical properties of the film packages, but also restrict its role for 
the 1 to 6 laminate layers with the total thickness of 200±50 µm. 
Discrete lightness of the film packages depends on their total thickness in Figure 20, and 
in the 200±30 µm thickness range the maximum lightness values vary by 20-25% for all four types 
of packages, having the same yellow color. Similar optical characteristics of the laminates with a 
total thickness of 200±30 µm obtained by stacking identical polyethylene films with different 
thickness in Figure 20 provide additional control over their color under polarized light and can be 
utilized for making new packaging materials with various types of protection features. [13-16] 
Similar lightness of the packages with the total thickness exceeding 200 µm is due to an 
insignificant influence on the interlayer spacing on light propagation in thicker materials. 
Lightness is a periodic function of the total package thickness, [19] corresponding to the reflection 
coefficient. Its damped characteristics demonstrate weakening of the luminous flux as a result of 
multiple reflections between the layers and light absorption in bulk polymers. With a large number 
of package layers (over 50 µm layer thickness in Figure 16) there is no package lightness change 
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and no significant color change, which is associated with decreased contribution of the lower layers 
in the overall interference pattern. As a rough approximation, this system with a large number of 
layers reflects light like a bulk material with an infinite thickness and some effective refractive 
index. The reflectivity of such material has a constant value (at fixed incident light angle), which 
is observed in Figure 17. 
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Figure 17. Color in the CIELAB color space coordinates and lightness of the 55 µm thick 
polyethylene package film in polarized light depending on the number of layers. Numbers in the 
columns (1-10) represent the number of polyethylene film layers’ in the a*b color coordinates. 
D65 light source with built-in X-Rite SpectroEye spectrophotometer was used. ‖ and ┴ represent 
parallel and perpendicular arrangement of the outer polarizing layers. 
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Figure 18. The sequence of color change in the CIELAB coordinates of a multilayer stack with the 
number of layers of 100 µm thick polyethylene films between two polarizers. Here, 0-10 is the 
number of film layers between parallel polarizers (║) and 0’-10’ is the number of film layers 
between 90 crossed polarizers (┴). 
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Figure 19. Schematics of the layered packages used in experiments. 
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Figure 20. Lightness (reflectance of polarized light) in multilayer packages assembled from low 
density polyethylene films with different thickness: 1 - package with eight 22 µm thick layers, 2 - 
package with four 55 µm thick layers and 3 - package with two 100 µm thick layers. 
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CHAPTER 8: SUMMARY AND FUTURE WORK FOR MULTILAYER 
POLYETHYLENE FILMS 
 
8.1 Summary 
Experiments showed that heat treatment of individual films before assembly into a package 
and heat treatment of individual layers drastically changed the laminate color and equally affect 
the package color and clarity. This allows using local heat treatment of the layers for labeling and 
recording text or graphics information on multilayer film materials. These markings are almost 
invisible to the naked eye and become recognizable only in polarized light. Forgery of such 
labeling is practically impossible without the knowledge of the composition and the structure of 
the film, along with the individual layers’ heat treatment modes. Local heat treatment of individual 
package layers by a hot stamp or an embossed shaft containing printing elements in the form of a 
company logo or a bar code can be used to protect against counterfeiting of branded goods packed 
in multilayer films with bright multicolor effects. Authentication can be performed using a 
standard bar code scanner with a polarizing filter. To reveal hidden images or encoded data, smart 
phone or tablet computer cameras can be used along with the software, allowing a buyer to 
automatically display product manufacturer's website containing detailed specifications and 
features. 
Demonstrates results can be used for decorative and brightly colored packaging, 
advertising and information displays to attract people’s attention by changing color when moved 
or under varying viewing angle, made from available and widely used polymers. 
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8.2 Future Work 
In the future, we can use tensile strength to make PE films thinner, after that, using 
polarized light to detect the lightness of multilayer polyethylene films. In this way, we could get 
some different colors, we need to find if the structure of PE films were changed or not. 
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